Selection against hybrid offspring, or postzygotic reproductive isolation, maintains species boundaries in the face of gene flow from hybridization. In this review, we propose that maladaptive learning and memory in hybrids is an important, but overlooked form of postzygotic reproductive isolation. Although a role for learning in premating isolation has been supported, whether learning deficiencies can contribute to postzygotic isolation has rarely been tested. We argue that the novel genetic combinations created by hybridization have the potential to impact learning and memory abilities through multiple possible mechanisms, and that any displacement from optima in these traits is likely to have fitness consequences. We review evidence supporting the potential for hybridization to affect learning and memory, and evidence of links between learning abilities and fitness. Finally, we suggest several avenues for future research. Given the importance of learning for fitness, especially in novel and unpredictable environments, maladaptive learning and memory in hybrids may be an increasingly important source of postzygotic reproductive isolation.
Introduction
Learning and memory affect many of life's most crucial behaviours, including foraging [1] [2] [3] , predator avoidance [4, 5] and reproduction [6, 7] . Across the animal kingdom, the acquisition of new information and its maintenance in the brain allow organisms to respond to variable and unpredictable environments [8, 9] . A growing body of evidence demonstrates that these traits are adaptive (reviewed in [8] [9] [10] ), and are also subject to trade-offs [3, 11, 12] . Individual variation in learning and memory traits [10, 13] therefore leads to the possibility that some forms or ability levels will lead to low fitness in a given environment (i.e. maladaptive learning or memory). In addition to their importance for individual fitness, learning and memory traits can play a role in speciation through their effects on reproductive isolation [9, 14] .
Reproductive isolation can result from mechanisms that prevent mating between species (i.e. premating reproductive isolation), or from selection against hybrid offspring (i.e. postzygotic reproductive isolation). The result is reduced gene flow between incipient or established species, as well as the maintenance of existing species boundaries in the face of hybridization [15] . Multiple reproductive isolating barriers can accumulate between a species pair, with the relative strength and importance of each barrier changing as the speciation process unfolds [16] . Theoretical and empirical studies show that learning can promote premating barriers through the learning of mating signals [17, 18] , mate preferences [6, 7, 19] , habitat preferences [20, 21] or host species preferences [22] . Yet, although there is strong evidence that learning contributes to premating reproductive barriers in many taxa (reviewed in [9, 14] ), it remains unknown whether maladaptive learning in hybrids can contribute to postzygotic reproductive isolation.
Maladaptive learning could be expected to arise from hybridization through multiple possible mechanisms (figure 1). Hybridization creates novel genetic combinations, and can therefore have diverse effects on phenotypes [15] . If the parental species inhabit different environments, divergent natural selection & 2018 The Author(s) Published by the Royal Society. All rights reserved. may act on learning or memory abilities. When additive alleles at loci underlying these traits are combined in novel ways in hybrids [26, 27] , intermediate phenotypes can arise (figure 1a). Alternatively, hybrids could also exhibit phenotypes more extreme than either parental species (i.e. transgressive segregation) [28] . Adaptation to divergent selection pressures could also proceed by changes in gene expression at loci underlying learning and memory [29] . Maladaptive hybrid learning and memory may also result, then, through the misexpression of such genes in hybrids (e.g. [30, 31] ). In addition to the above mechanisms, epistatic interactions within the hybrid genome can cause phenotypes to breakdown in hybrids (i.e. genetic incompatibilities) [23, 24] . This could occur if natural selection, genetic drift or genomic conflict lead to the fixation of new alleles [25] within allopatric parental species at loci underlying learning and memory. Upon secondary contact and hybridization, the new allele(s) from one parent could be incompatible with new or ancestral alleles from the other parent within the hybrid genome [23, 24] , causing hybrid breakdown in cognition (figure 1b). No matter the mechanism by which hybridization affects learning and memory, fitness optima [8, 32] , and therefore fitness effects, are likely to be environment-dependent. If hybrid learning and memory abilities are not well adapted to their environment, then selection may act against hybrids [33, 34] . Selection could even act against hybrids that show enhanced learning and memory compared to their parental species, because of the existence of trade-offs between cognitive ability and energetic costs [11, 12] .
Little is known about the relative learning and memory abilities of parental species and their hybrids. Studies of song learning in songbirds provide important insights, however. Early in life, songbirds can discriminate between song from their own versus other species [35, 36] , leading to biases towards learning conspecific song [37] [38] [39] . Crossfostering [35] and behavioural genetic studies [37 -39] suggest a heritable genetic basis for both conspecific song discrimination and song learning biases. Depending on how song discrimination and song learning biases are affected by hybridization, hybrids could learn to sing intermediate or transgressive song [39, 40] , which is unlikely to be preferred by females [19] and may contribute to postzygotic reproductive isolation. Alternatively, if song discrimination or song learning biases from one of the parental species are dominant over the other [35, 37] , hybrids may learn and sing the song of one parental species, potentially promoting asymmetrical interspecific gene flow [35] , or even the generation of a new hybrid species [41, 42] . To our knowledge, the influence of song learning biases on postzygotic isolation has not been tested.
For other types of learning, much of our knowledge about hybrid abilities comes from crosses between domesticated species or inbred strains. For example, mules show significantly better visual discrimination learning [43] and are quicker to solve a spatial problem [44] than their parental species, the horse and the donkey. The relevance of these results to cases of natural hybridization is unclear, however. When the parental species are domesticated or inbred, overall genetic variation in the parents is expected to be low and homozygosity high. Hybrid vigour in the offspring is therefore not surprising. Comparisons of learning and memory abilities between either natural or laboratory-generated hybrids and [23, 24] . An ancestral chickadee species (black) undergoes allopatric speciation into two new species (blue, red). Owing to selection, genetic drift or genomic conflict [25] , new alleles fix at two loci underlying learning in the blue and red species. Upon secondary contact and hybridization, the 'A' allele at one locus interacts negatively with the 'B' allele at another locus within the genomes of hybrids ( purple), leading to breakdown in learning and memory (depicted as broken light bulb).
rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20180542 outbred parental individuals will be more useful for evaluating the potential for maladaptive learning and memory to contribute to postzygotic reproductive isolation. One such test of relative learning and memory abilities among parental species and their hybrids was done in scatter-hoarding chickadees [45] . During autumn, scatterhoarders cache (store) food items in many locations scattered across the habitat, and rely on spatial memory to accurately retrieve caches at a later time [1, 2] . Accurate cache retrieval is important for survival in these species, especially in harsh environments or conditions where alternate sources of food are scarce. Black-capped (Poecile atricapillus) and Carolina chickadees (P. carolinensis) are sister taxa [46] with a long, narrow hybrid zone located in the eastern United States [47] . In a set of ecologically relevant behavioural tests, McQuillan et al. [45] demonstrated that naturally occurring chickadee hybrids were less able to remember the location of a food item compared with their parental species counterparts. Hybrid chickadees were also less likely to solve a novel problem [45] . Prior work in black-capped chickadees has suggested that adaptation to the environment has shaped these cognitive abilities [48 -50] . Poor memory and problem-solving abilities in hybrids are therefore likely to be maladaptive and may contribute to postzygotic reproductive isolation between black-capped and Carolina chickadees [45] .
We propose that maladaptive learning and memory in hybrids is likely to be a widespread, but understudied component of postzygotic reproductive isolation. In this review, we argue that learning and memory have the potential to be affected by hybridization; and that any resulting displacement from optimal learning and memory ability is likely to have negative effects on hybrid fitness through the action of either natural or sexual selection. In this way, maladaptive learning and memory in hybrids can reduce gene flow between parental species and act as a postzygotic reproductive barrier. Finally, we present ideas for future research into the potential for maladaptive hybrid learning and memory to act as a postzygotic reproductive isolating barrier.
The potential for hybridization to affect learning and memory
For hybridization to affect learning and memory through any of the mechanisms described above, these traits must have the potential to evolve. In general, genetic incompatibilities (figure 1b) can accumulate between species due to natural selection, genomic conflict or genetic drift [25] . To be affected by genetic incompatibilities, then, learning and memory traits must have a genetic basis. On the other hand, if hybrid learning and memory were intermediate, causing a mismatch with the environment (figure 1a), these traits potentially evolved in the parental species under divergent natural selection [27] . In this section, we first review evidence that learning and memory have a heritable genetic basis, followed by evidence of adaptive interspecific variation in learning and memory. Hybridization does not currently occur among all of the taxa we discuss. However, for at least two reasons, we argue that they are still relevant for understanding the potential role of learning and memory in postzygotic reproductive isolation. First, because of human-caused environmental change, such as climate change and species introductions, opportunities for hybridization are expected to increase [51] . Second, laboratory crosses of allopatric species have a long history of providing insight into mechanisms of reproductive isolation [52] .
(a) Genetic basis of learning and memory
Interest in the evolution of learning and memory has increased in recent years, and data from multiple approaches support a genetic basis for these traits (reviewed in [8, 10, 13, 53] ). Learning ability and memory can evolve under artificial selection and experimental evolution [54, 55] . This is only possible if variation in learning ability and memory results, at least in part, from heritable genetic variation. Mery & Kawecki [54] conditioned Drosophila melanogaster from experimental lines to associate an aversive chemical cue with oviposition media smelling of either orange or pineapple. Several hours later, flies were given fresh media lacking the aversive chemical. Eggs laid on the media with the smell that was not associated with the chemical were used for breeding the next generation. Over time, flies from experimental lines evolved better associative learning ability, as increasingly smaller proportions of eggs were laid on the media associated with the chemical [54] . Additionally, the memory of this association lasted longer in experimental flies compared to control flies [54] . In parasitic wasps (Cotesia glomerata), which oviposit in caterpillars that feed on cabbage leaves, artificial selection produced lines of wasps that evolved either increased or decreased speed in learning to prefer the smell of a novel caterpillar host plant [55] . Kotrschal et al. [12] artificially selected for large and small brains relative to body size in replicated lines of guppies (Poecilia reticulata). After two generations of selection on brain size, females from the large-brained lines performed better than females from the small-brained lines at a numerical learning task [12] ; and after five generations of selection, large-brained females also performed better on a reversal learning task [56] . As the result of artificial selection for plumage and parenting ability during domestication [57] , song learning ability has evolved in Bengalese finches (Lonchura striata var. domestica) [57, 58] . Takahasi & Okanoya [58] crossfostered Bengalese finches and white-rumped munias (Lonchura striata), the ancestral species, and compared the songs sung by foster sons with the songs of their foster fathers (i.e. song tutors). Bengalese finch sons had lower overall accuracy of song learning, but their accuracy was similar whether they were raised by another Bengalese finch or by a white-rumped munia. By contrast, whiterumped munia sons were highly accurate in their song learning when raised by a white-rumped munia father, but less accurate when raised by a Bengalese finch. Takahasi & Okanoya [58] concluded that the bias towards conspecific song learning has relaxed in Bengalese finches as a pleiotropic result of selection during domestication. The expanded ability of the Bengalese finch to learn heterospecific song has been linked to an increase in the relative volume of song-control brain regions and to higher expression of brain plasticity-related genes in song-control brain regions (reviewed in [57] ).
Common garden experiments and estimates of heritability have been used to demonstrate a heritable basis for learning and memory. For example, in the food-caching [59] . Roth et al. [48] controlled for environmental effects on these differences in learning and memory abilities by raising nestling black-capped chickadees collected from both harsh and mild environments under common conditions in captivity, and testing their spatial learning and memory at the age of five months. Similar to wild-caught adults, captive-reared birds collected from harsher environments outperformed captive-reared birds collected from milder environments on tests of learning and memory [48] . In wild-caught and captive-reared chimpanzees, Hopkins et al. [60] assessed a variety of cognitive abilities, including spatial memory. Using pedigree information and a variance-components approach, they estimated significant heritabilities for these traits. These studies and others (e.g. reviewed in [53] ) suggest that learning and memory abilities have a heritable genetic basis.
(b) Adaptive interspecific variation in learning and memory
Studies spanning a broad taxonomic range suggest that natural selection can produce divergent cognitive abilities in closely related species. A large degree of variation exists in the rate at which closely related parasitoid wasp species learn and remember to associate novel cues with oviposition [61, 62] . Parasitoid wasps lay their eggs in or on host insects, which are eventually killed by the developing larvae. To seek out and find a suitable host victim, female parasitoids use chemical cues, either emanating from the host insect itself or from its associated substrate [63] . While parasitoids have innate preferences for chemical cues that will probably lead them to suitable hosts, learning to associate novel cues with successful oviposition events can optimize host-finding efficiency, potentially increasing lifetime reproductive success [64] . For example, C. glomerata can learn to associate novel chemical cues with an oviposition reward and can consolidate these experiences into long-term memory faster than C. rubecula [65] . The authors argue that this difference reflects the relative predictive value of an oviposition experience for the location of additional hosts. The host species of C. glomerata, Pieris brassicae, can be found on plants of a single species; therefore, any plant species-specific chemical cues are predictive of host location [65, 66] . By contrast, P. rapae, the host of C. rubecula, is found on many different plant species, so that chemical cues from any individual plant are not necessarily predictive of the location of a host for C. rubecula [65, 66] . Although we are unaware of any reports of hybridization between C. glomerata and C. rubecula, molecular phylogenetic evidence suggests hybridization has occurred between two other species within the genus, C. flavipes and C. nonagriae [67] . Another example of variation in learning between closely related species exists in limnetic and benthic threespine stickleback fish, which are a model system for understanding ecological speciation (e.g. [7, 33, 68] ). Benthic and limnetic stickleback species pairs are sympatric in several lakes, but are adapted to different habitats within the lakes [69] . Benthics live in the littoral zone and feed on vegetation or invertebrates in sediment, while limnetics live in the water column and feed on plankton. Interestingly, benthic and limnetic stickleback exhibit differences in the speed with which they learn to locate hidden food and shoaling rewards [70] . Using a T-maze with plastic plants for landmarks, juvenile, wild-collected benthic and limnetic sticklebacks were trained to turn either right or left, and to associate plant landmarks with rewards [70] . Benthic sticklebacks learned the spatial task faster and made fewer mistakes across the testing period compared with limnetics [70] . These differences in spatial cognition have a genetic basis, because fish reared under common laboratory conditions exhibited the same variation in learning [71] . Divergent cognitive abilities in sticklebacks may therefore be the result of adaptation to different habitats, as a greater availability of spatial cues in the benthic habitat can be relied upon for locating food [70] . Benthic and limnetic sticklebacks exhibit strong premating isolation, but hybridization does occur [16] . Multiple pre-and postzygotic isolating barriers are present [16] , and sexual imprinting has been found to influence mate preferences [7] . However, to our knowledge, whether learning and memory contribute to postzygotic isolation has not been tested in this system. Taken together, a heritable genetic basis for learning and memory and evidence of adaptive divergence between closely related species in learning abilities suggest that these traits have the potential to be affected by hybridization through multiple potential mechanisms (figure 1).
Importance of learning and memory for fitness
For learning and memory to contribute to postzygotic reproductive isolation, these traits must be important for fitness, due to either natural or sexual selection. When this is the case, displacement from optimal learning and memory abilities is expected to result in selection against hybrids. Learning and memory abilities have been linked to fitness in a diverse set of taxa. In African striped mice (Rhabdomys pumilio), enhanced spatial memory ability and faster reaction times are associated with increased survival rates [4] . It is thought that these traits directly influence survival, as quick reaction times coupled with accurate spatial information about the environment can facilitate escape from predators. Grasshopper (Schistocerca americana) individuals that were able to employ associative learning had higher growth rates than individuals that were prevented from learning [72] . Male blue gourami fish (Trichogaster trichopterus) who learned to anticipate the arrival of a female were able to spawn sooner and produce more young than males that were not able to learn [73] . Better performance on associative learning, reversal learning and spatial memory tasks predicted higher reproductive success in wild populations of female Australian magpies (Cracticus tibicen dorsalis) [74] . Likewise, satin bowerbird males (Ptilonorhynchus violaceus) that were better problem-solvers achieved more copulations, and thus greater mating success, than poorer problem-solvers [75] . In great tits (Parus major), offspring of birds that were able to solve a novel problem were more likely to survive until fledging, compared with offspring of parents that were unable to solve a novel problem. Additionally, speed in solving the novel problem was positively correlated with clutch size, hatching success and number of fledglings produced, suggesting that selection acts directly on problem-solving ability [76] .
rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20180542
Cognitive ability is therefore likely to be important for fitness across a broad range of taxa. It is worth noting, however, that the presence of trade-offs (e.g. more frequent desertion of nests by superior problem-solvers [3] ) could weaken the net strength of selection on these traits. Fitness can also be affected by learning and memory abilities when these traits directly influence mating success. In any system in which learning is important for premating sexual isolation (e.g. [7, 17] ), non-optimal learning could contribute to sexual selection against hybrids. For instance, in some systems, such as stickleback fish and zebra finches, mate preferences are learned through imprinting on the paternal phenotype [7, 19] . If hybrid females were to have difficulty learning or remembering their father's phenotype, they could express maladaptive or even random mate preferences. Alternatively, when mating signals are learned, such as for songbirds (e.g. [17, [37] [38] [39] 58] ), the effects of hybridization on learning could lead to the production of unattractive mating signals.
Recent genomic evidence further supports a link between cognitive traits, such as learning and memory, and fitness. In a comparative genomic study of 48 avian species, Zhang et al. [77] detected signatures of positive selection on over 150 genes expressed in song learning regions of the brain. Laine et al. [78] sequenced and annotated the great tit (Parus major) genome, and whole-genome resequenced 29 additional individuals. They found an overrepresentation of genes linked to cognition and learning among the set of genes showing signatures of positive selection. Learning and other cognitive traits have therefore been important during the evolutionary history of these avian lineages. For taxa such as these, in which learning and memory are under natural or sexual selection, any alteration to abilities due to hybridization is likely to result in selection against hybrids.
Ideas for future research
Because the potential for maladaptive learning and memory to contribute to postzygotic reproductive isolation has for the most part been overlooked (but see [45] ), numerous questions remain to be addressed by future research. Three major questions are particularly important for evaluating the hypothesis that maladaptive learning and memory in hybrids contribute to postzygotic reproductive isolation: (i) What are the relative learning and memory abilities of hybrids versus parental species in various systems? (ii) How strong is selection on learning in hybrids, and in what direction does it act? And finally, (iii) compared with other isolating barriers, what is the relative importance of maladaptive learning and memory to speciation and the maintenance of species boundaries? In this section, we briefly discuss ideas for pursuing each line of research.
Assessing the relative learning and memory abilities of hybrids versus parental species in a range of systems will be important for determining whether hybridization more frequently results in learning deficiencies [45] , intermediate learning ability, enhanced learning [43, 44] or, alternatively, has no effect at all. Each of these outcomes would provide insight into potential roles for learning and memory in postzygotic reproductive isolation, adaptive introgression or hybrid speciation. Such tests of cognitive performance on hybrid and parental species could be conducted in controlled, captive environments (e.g. [3, 45, 56] ) or in the wild (e.g. [74, 76, 79] ), but in either case, they should incorporate tests that are ecologically relevant [10] . Innovations in technology, such as lightweight passive integrative transponder tags paired with radio-frequency identification technology, are increasing the feasibility of testing learning and memory in free-ranging, wild individuals (e.g. [79, 80] ). Testing in captivity and testing in the wild each have advantages and disadvantages (reviewed in [10] ). Independent of the chosen approach, a variety of confounding variables should be considered and controlled to the extent possible. The use of a common garden design [48, 49, 71] would allow greater control over the influence of variation in experience or environments.
If differences in learning or memory are observed between hybrids and parental species, it will be crucial to estimate the strength and direction of selection on these phenotypes in order to determine whether learning and memory contribute to reproductive isolation. Even if hybrids show enhanced learning and memory compared with their parental species counterparts [43, 44] , they may suffer fitness consequences. Cognitive traits are thought to require a large energy investment due to the cost of producing and maintaining brain tissue [11, 12] . If enhanced learning and memory do not provide a large fitness advantage in the environment where hybrids occur, then the metabolic costs may outweigh the benefits, producing a net fitness disadvantage. For the same reason, a decrease in learning and memory abilities could actually provide a fitness advantage in certain environments. Estimating selection on these traits in wild populations will require first measuring learning or memory ability for a sample of individuals including hybrids and both parental species, and then tracking individual survival or reproductive success (or a relevant fitness proxy, such as growth rate [72] ) for those same individuals [3, 74] . Established methods for estimating selection gradients (reviewed in [10] ) could then be used [3] . Selection strength and direction can vary across time and space [42] , so testing across multiple seasons, years or populations may be required to detect differential selection among hybrids and parentals. A more indirect, genomic approach could also be used to examine signatures of selection on hybrids at loci putatively linked to cognitive processes [29, 78] . Methods such as geographical and genomic cline analyses, as well as genome-wide signatures of linkage disequilibrium, have been used successfully in many systems to detect signatures of selection against hybrids (e.g. [81, 82] ).
The 'importance' of a specific isolating barrier to speciation can be both difficult to characterize and difficult to measure [52, 83] . Importance can be defined as the relative contribution of an isolating barrier to the total cumulative isolation across multiple barriers; or it can be defined by the order of appearance of an isolating barrier during the process of speciation [52, 83] . Addressing the relative contribution of maladaptive learning and memory to total cumulative isolation will be easiest done initially in systems for which multiple other forms of reproductive isolation, both premating and postzygotic, have been well characterized (e.g. threespine stickleback fish [16] or Ficedula flycatchers [84] ). Sobel et al. [83] review different methods for calculating the contribution of individual reproductive isolating barriers to total isolation. To investigate the relative order of appearance during the speciation process of maladaptive hybrid learning compared to other isolating rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20180542 barriers, the comparative approach pioneered by Coyne & Orr [85] in Drosophila, and since used in other taxa (e.g. [16] ) holds promise. Briefly, the strength of different barriers is estimated for species pairs that vary in time since divergence. Barriers that are present between all species pairs, including the most recently diverged, are presumed to arise early in the speciation process, while those only present in the longer diverged pairs are likely to arise later.
Conclusion
Many species engage in hybridization [15, 86] , and the frequency of hybridization is expected to rise as the climate changes [51] . Understanding the mechanisms responsible for the maintenance of species boundaries in the face of gene flow is, therefore, increasingly important, not only for understanding how species evolve and are maintained, but also for the conservation of biodiversity. Although a role for learning in premating reproductive isolation is well supported [9, 14] , the potential for maladaptive learning and memory in hybrids to contribute to postzygotic reproductive isolation has rarely been tested (but see [45] ). These cognitive traits have the potential to evolve (e.g. [12, 54, 55] ) and have been subject to divergent natural selection in closely related taxa (e.g. [65, 70] ). This establishes the potential for learning and memory to be affected by hybridization through multiple mechanisms (figure 1). Studies across a broad range of taxa suggest that these traits can be targets of both natural and sexual selection (e.g. [4, 7, 38, [72] [73] [74] ), setting the stage for maladaptive learning and memory in hybrids to contribute to postzygotic reproductive isolation. Whether hybrids exhibit maladaptive learning or memory, and if they do, the magnitude and direction of the resulting selective consequences, are important areas for future research. 
